The ultimate goal of multiferroic research is the development of new-generation non-volatile memory devices 1 , the so-called magnetoelectric (ME) memories, where magnetic bits are controlled via electric fields without the application of electrical currents subject to dissipation. This low-power operation exploits the entanglement of the magnetization and the electric polarization coexisting in multiferroic materials 2,3 . Here we demonstrate the optical readout of ME memory states in the antiferromagnetic (AFM) and antiferroelectric (AFE) LiCoPO 4 , based on the strong absorption difference of THz radiation between its two types of ME domains. This unusual contrast is attributed to the dynamic ME effect of the spin-wave excitations, as confirmed by our microscopic model, which also captures the characteristics of the observed static ME effect. Our proof-of-principle study, demonstrating the control and the optical readout of ME domains in LiCoPO 4 , lays down the foundation for future ME memory devices based on antiferroelectricantiferromagnetic insulators.
The ultimate goal of multiferroic research is the development of new-generation non-volatile memory devices 1 , the so-called magnetoelectric (ME) memories, where magnetic bits are controlled via electric fields without the application of electrical currents subject to dissipation. This low-power operation exploits the entanglement of the magnetization and the electric polarization coexisting in multiferroic materials 2,3 . Here we demonstrate the optical readout of ME memory states in the antiferromagnetic (AFM) and antiferroelectric (AFE) LiCoPO 4 , based on the strong absorption difference of THz radiation between its two types of ME domains. This unusual contrast is attributed to the dynamic ME effect of the spin-wave excitations, as confirmed by our microscopic model, which also captures the characteristics of the observed static ME effect. Our proof-of-principle study, demonstrating the control and the optical readout of ME domains in LiCoPO 4 , lays down the foundation for future ME memory devices based on antiferroelectricantiferromagnetic insulators.
During the last decades the great potential of multiferroic materials in realizing ME memory devices has led to the revival of the ME effect 2,4-7 and the discovery of a plethora of multiferroic compounds including BiFeO 3 , a well characterized room-temperature multiferroic material [8] [9] [10] . In multiferroics-based memory devices, the writing and reading of magnetic bits by electric field may be realized via the ME coupling between the ferromagnetic and ferroelectric orders. Despite the recent progress, the synthesis of multiferroics with magnetization and ME effect sufficiently large for applications is still challenging. As an alternative approach, investigated here, information could be stored in ME domains even in the absence of ferromagnetism or ferroelectricity.
While a similar concept has been proposed for metallic compounds, termed as AFM spintronics 15 , the potential of AFE-AFM insulators in ME memories has not been exploited yet. LiCoPO 4 , being such a multi-antiferroic insulator, drew attention owing to its strong linear ME effect 11, 12 and its toroidic order 13, 14 . Here we demonstrate that in the AFM-AFE phase of LiCoPO 4 the two different ME memory states have distinct optical properties distinguishable by transmission measurements without the need of high-intensity light beams 13, 14 . At room temperature LiCoPO 4 has the orthorhombic olivine structure (space group: P nma), which is shown in Fig. 1a . While each Co site carries a local electric polarization due to its low site symmetry, the total polarization of the unit cell vanishes (see Fig. 1c ). Below T N =21.7 K, this structural antiferroelectricity is supplemented by a two-sublattice collinear AFM order, where S=3/2 spins of Co 2+ ions are aligned parallel to the y axis 16 . Since the AFM state simultaneously breaks the spatial inversion and the time reversal symmetries, the material exhibits a linear ME effect (P µ = χ em µν H ν , µ, ν = x, y, z) with finite χ em xy and χ em yx ME susceptibilities 12 . Although a tiny uniform canting of the spins from the y axis may further reduce the magnetic symmetry and generate finite χ em xz and χ em zx , these secondary effects are not relevant to the present study 13, 14 . In the AFM state two possible domains can exist, labeled as α and β in Fig. 1c . These two ME domains can be transformed into each other by either the spatial inversion or the time reversal operations, thus, they are characterized by static ME coefficients χ em yx of opposite signs, as experimentally demonstrated in Figs. 2a and b, in agreement with former studies 11, 12 . Owing to the ME coupling, simultaneous application of weak crossed fields E y ≈0.1-1 kV/cm and µ 0 H x ≈0.1 T during the cooling process through T N establishes the single-domain state. is reversed the other ME domain is selected (see Figs. 1b and d).
The static ME effect is usually associated with collective modes, the so-called ME resonances 17, 18 . These transitions can be excited by both the electric and magnetic fields of light as the magnetic component of the radiation generates not only magnetization but also polarization waves in the material. Depending on the sign of the optical ME effect, the magnetically induced polarization waves can interfere either constructively or destructively with the polarization waves induced by the electric field of light through the dielectric permittivity, giving rise to an enhancement or reduction of the complex refractive index (N = n + iκ). For linearly polarized light with (E ω y , H ω x ) propagating along the +z direction N +z (ω) = ε yy (ω)µ xx (ω) ± χ em yx (ω) ,where ε yy and µ xx are elements of the dielectric permittivity and magnetic permeability tensors and ± signs correspond to the two domains with opposite signs of χ em yx (ω) 19 . If the optical ME effect is strong, the ME domain characterized by χ em yx (ω) < 0 can become transparent, while for the other domain the absorption coefficient, α = 2 (ω/c) κ, is enhanced. Such unidirectional light transmission, also called directional optical anisotropy, has been reported in several multiferroics 17, [19] [20] [21] [22] . However, this phenomenon has usually been observed in strong magnetic fields and never as a remanent optical memory effect in zero field. It is important to note that the contrast between the two ME domains has to change sign if light propagation direction is reversed from +z to −z according to N −z (ω) = ε yy (ω)µ xx (ω) ∓ χ em yx (ω). Thus, the reversal of the light propagation is expected to be equivalent with the interchange of the two domains.
Figures 2c-f show the real and imaginary parts of the refractive index spectra of LiCoPO 4 in the terahertz frequency range for linearly polarized light with (E ω y , H ω x ). Spectra plotted in Figs. 2c-d with four different colours were obtained after poling the sample from T > T N to T =5 K using four combinations of the poling fields (±H x , ±E y ), as described for the static ME measurements. To observe the remanent effects, the fields were switched off during the spectroscopic measurements. Below T N two strong resonances of magnetic origin appear at 1.13 THz and 1.36 THz. The strength of the resonance at 1.36 THz strongly depends on the poling conditions, namely it is weak for the same signs and strong for the opposite signs of poling fields. Moreover, the two spectra obtained for the same sign of poling fields are identical within the precision of the experiment as well as the two spectra measured with poling fields of opposite signs. This indicates the strong ME character of the mode at 1.36 THz and also demonstrates the realization of either of the two ME domain states after the poling process. In contrast, the mode at 1.13 THz shows only a weak optical ME effect, with opposite sign with respect to the strong effect observed for the mode at 1.36 THz.
Next, we verified that the optical contrast between the two ME domains changes upon the reversal of light propagation direction as expected on symmetry grounds. Indeed, as discerned in Figs. 2e-f, spectra measured for light propagation along the +z direction with the same sign of poling fields coincide with spectra measured for light propagation along the −z direction with opposite signs of the poling fields and vice versa. Due to the optical ME effect for a given direction of light propagation one of the ME domains is nearly transparent at around 1.36 THz, while the other domain strongly absorbs photons in this frequency range, as reflected by the large difference in κ.
In order to systematically determine the selection rules for the two spin-wave modes observed in Fig. 2 and to check the existence of other spin-wave excitations, optical absorption spectra were measured for light propagation along the x, y and z axes, with two orthogonal linear polarizations in each case. In the absence of poling, averaging over the different ME domains eliminates the directional optical anisotropy term from the refractive index, hence, N (ω) = ε µµ (ω)µ νν (ω). As shown in The poling fields were switched off during the measurement, hence the slope of the polarization (P ) versus magnetic field curve corresponds to the linear ME effect. b, Temperature dependence of the linear ME effect, χ em yx , measured in warming up after poling in the four configurations of (Hx, Ey). The colour of each curve in panels a and b corresponds to the applied poling process following the convention introduced in Fig. 1 . c/d, Spectra of the real/imaginary part of the refractive index at T =5 K measured after poling. e/f, Spectra of the real/imaginary part of the refractive index measured at T =5 K after poling in two selected configurations, (++) and (+−). In this case the measurements were performed for light propagation along the +z direction (full symbols) and the −z direction (open symbols). Note that the reversal of the propagation direction is equivalent to the interchange of the two ME domains via the poling process. In panels c-f all spectra were measured using linearly polarized light with (E To uncover the mechanism responsible for the static ME effect and the remanent optical directional anisotropy, we consider the following Hamiltonian for the four spins (S a , S b , S c , S d ) in the unit cell, imposed by the space group symmetry of LiCoPO 4 (see the Supplementary Information) [23] [24] [25] :
where i ∈ {a, b, c, d}. J ij stands for the nearest neighbour exchange coupling with the symmetry-dictated form of J ab = J cd , J ac = J bd and J ad = J cb , as indicated in Fig. 1a . Λ y 2 , Λ x 2 −z 2 and Λ 2xz are the single-ion anisotropy parameters and the spin-quadrupole terms are defined as Q the electric dipole moment is calculated following Ref. 26 :
A finite H x cants the ordered spins, and the non-zero S y and S x components produce a finite electric polarization P y whose sign depends on the domain, as schematically shown in Fig. 1d . The ground state energies of the two AFM domains are calculated using a variational approach described in the Supplementary Information:
where ± signs correspond to domain α and β, respectively. As shown in Fig. 4a , in crossed electric and magnetic fields, the degeneracy of the two AFM domains is lifted and α is selected when E y H x > 0, while β for and β has opposite sign:
as illustrated in Fig. 1d . This is in accordance with the experimental observations in Figs. 2a and b. The oscillating magnetization (M ω ) and polarization (P ω ) of the spin excitations with ∆S = 1 over the ground state were characterized by multiboson spin-wave theory, which is described in the Supplementary Information. In agreement with the results of our THz spectroscopy experiments, two ME excitations were found with M ω x and P ω y , from which |π0 is assigned to mode #1 and |ππ to mode #3. Two further modes, |0π and |00 , are excited with H ω z . They are associated with no finite P ω and are assigned to modes #2 and #4, respectively. Motion of the sublattice magnetizations and local polarizations according to Eq. 2 are illustrated for the α domain in Figs. 4b. The finite P ω of the ME excitations is attributed to the uncompensated polarization of the unit cell, whereas the local dynamic polarization is canceled for the |0π and |00 modes within the yz layers. While the spin components precess in the same direction in α and β domains, there is a π phase shift between oscillations of P ω y in the two domains, as Eq. 2 is linear in the sublattice magnetization along the y axis. This sign change of the dynamic polarization is the microscopic origin of the optical directional anisotropy in LiCoPO 4 .
In summary, we have demonstrated that the ME effect can be exploited for the optical readout of information stored in AFM domains as the ±k directional optical anisotropy between the two types of domains gives rise to a sizeable absorption difference even in the absence of external fields. Main advantages of such type of memories are i) the possibility to electrically write magnetic bits with low power consumption via the static ME effect, ii) the robustness of such devices against stray electric and magnetic fields due to the dual antiferroic nature of the applied materials, and iii) the contactless readout function, if the optical scheme proposed above can be implemented with sufficiently high spatial resolution.
Methods
Single crystals of LiCoPO 4 were grown by the optical floating zone method described in Ref. 28 . Plate-shaped samples with 4×4×0.6 mm 3 dimensions were cut for the static and optical measurements. Measurement of the static ME effect was carried out in a Physical Property Measurement System (Quantum Design) using a Keithley 6517A Electrometer. Temperature dependence of the ME susceptibility was calculated from the polarization measured in the warming runs in the presence of 1 T magnetic field. Time-domain THz spectroscopy was used to measure the complex refractive index spectra in the 200 GHz -2 THz frequency range. The THz radiation was guided by off-axis parabolic mirrors, and its precise linear polarization was maintained by free standing wire grid polarizers, placed into parallel THz beam before and after the sample. THz light generation was based on a Toptica Teraflash spectrometer 27 whose fs light pulses were coupled to the emitter and receiver photoconductive antennas by optical fibers. This arrangement provided an easy way to reverse the propagation direction of the THz radiation by interchanging the position of the emitter and receiver, while leaving the optical path intact. Optical measurements with reversed light propagation were done when the sample was cooled to a single ME domain state. In order to align the ME domains of LiCoPO 4 electric field in the range of 0.1-1 kV/cm and the magnetic field 0.1 T of a permanent magnet were applied along the y and x axes, respectively, at T =30 K, above T N . In the next step, the sample was cooled down to T =5 K, where the poling fields were switched off and then the transmission measurements were carried out. THz absorption experiments using a Martin-Puplett interferometer in NICPB, Tallinn were used to find suitable E y and H x fields for poling.
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The sites a together with b, and c together with d form separate layers, which are connected by inversion symmetry. Spin orientation are labeled by green arrows, dark green arrows encode S y > 0, while light green spins are S y < 0. Local polarizations are shown by red arrows. For the α ME domain the cross product points to the +z, while for the β to the −z direction.
I. SYMMETRY ANALYSIS
Below T N = 21.7 K the magnetic moments of LiCoPO 4 order antiferromagnetically, with the moments parallel to the y-axis 16 as shown in Fig. 5 . Symmetry of the crystal in the paramagnetic phase is the P nma, while in the magnetically ordered phase the P nma magnetic space group, elements of which are enumerated in Table I  and Table II , respectively. The spatial inversion symmetry prevents the development of finite polarization in the unit cell. However, besides the AFM order, the magnetic space group of LiCoPO 4 allows antiferroelectric (AFE) order of the local polarization. The magnetic structure in the ground state is given by
while the symmetry allowed local electric dipole moments at the Co sites are The local polarization has two independent AFE components along the x and z directions. In Fig. 5 we show only the component along the x axis for the sake of simplicity. The local polarization may have different origins; one is inherent to the distorted CoO 6 clusters, while the other is due to the spins via the p − d hybridization model. In the model presented below we concentrate only on the latter case, which will give rise to the magnetoelectric effect.
Transformation properties of the spin-multipolar moments and permutation of the Co sites under the P nma space group impose restrictions to the possible terms in the minimal spin Hamiltonian (Table I) . As a result, the minimal Hamiltonian for the four spins in the unit cell, Table I . This is the symmetry group of the time-reversal broken ground state, described in Eq. (5).
assuming periodic boundary conditions is
The interaction between the spins is described by the isotropic Heisenberg exchanges with the J ab , J ac and J ad coupling contants. The exchange anisotropies (as the Dzyaloshinskii-Moriya interaction and symmetric exchange anisotropies) are disregarded here as they are assumed to be weak, and the magnetic anisotropies in LiCoPO 4 are taken care of by the Λ single-ion anisotropies. As shown in Table I , the Hamiltonian is invariant under the P nma space group if Λ 2xy = 0 and Λ 2yz = 0. The remaining single-ion anisotropies, with coefficients Λ y 2 , Λ x 2 −z 2 , and Λ 2xz describe an anisotropy tensor with a principal axis along the y direction and two axes in the xz plane. Throughout this paper we will assume that the easy axis magnetic anisotropy of LiCoPO 4 is dominated by the Λ y 2 > 0 parameter, i.e. Λ y 2 Λ x 2 −z 2 , Λ 2xz . As a further simplification we also introduce the notation for spin-quadrupoles:
where µ, ν = x, y, z and i = a,b,c,d. Strictly speaking, there are five spin-quadrupolar operators (Q
and Q 2µν ), however, we decided to replace Q 3y 2 −S 2 by (S y ) 2 as it differs from the commonly used definition for the on-site easy-axis anisotropy.
From symmetry we get the following expressions for the magnetizations
and for the electric polarizations:
Here we note, that although the Hamiltonian can contain combination of Q x 2 −z 2 , Q 2xz and (S y ) 2 , it cannot have neither Q 2xy nor Q 2yz elements. Moreover, it is also not possible to express the Hamiltonian in terms of P ν (ν = x, y, z). Nevertheless, the local P y at each site transforms as the Q 2xy and Q 2yz operators (c.f. Table. I), therefore it can be represented by the linear combination of these spin-quadrupolar operators. Both the static and dynamic ME effects are expressed by the couplings between the operators and the corresponding physical quantities; c 2xy and c 2yz for χ em xy . Interactions with the external magnetic and electric fields are described by
II. VARIATIONAL TREATMENT (MEAN FIELD)
To describe the static properties of LiCoPO 4 at low temperatures, we will treat our model using a sitefactorized wave function as a variational Ansatz for the ground state:
We shall minimize the
variational energy, by optimizing the wave functions on the sites, |Ψ 1,a . . . |Ψ 1,d . The variational setup is similar to the case of Ba 2 CoGe 2 O 7 , therefore we implemented the procedure applied there 23, 29, 30 . First, we will consider the problem in the absence of the external fields (H = 0 and E = 0). After this, we will turn on the fields to describe the effect of poling.
It is convenient to work in a basis where the quantization axis is along the y direction,
so that the | ⇑ y , | ↑ y , | ↓ y , and | ⇓ y are the eigenfunctions of the S y =S 0 operator with eigenvalues 3/2, 1/2, −1/2, and −3/2, respectively. The off-diagonal spin operators in the rotated frame are
The minimum is achieved with the
site-dependent wave functions with energy
In Eqs. (16) the γ is a complex number determined by the parameters of the exchange field and the on-site anisotropies,
with
The expectation values of the S x and S z are zero on all four sites, only the S y matrix elements are nonzero:
and the other sites follow the AFM pattern given by Eq. (5) for a proper choice of the J exchange couplings. Notably, due to the single-ion anisotropies the wave function describes spins, length of which is shorter than 3/2. On the other hand the spin acquires quadrupolar features, as exemplified by the expectation values of the spin-quadrupolar operators, e.g. on site a:
Here we note also that the the wave functions on the sites a and c are time reversal pairs, and so are the ones on sites b and d. In fact, the wave functions of the other AFM ground state are obtained by site permutations a ↔ c and b ↔ d, as the anisotropies of the local Hamiltonian are the same for a and c sites, only the direction of the local Weiss field is opposite. Performing the same permutation of the expression for the polarization operators P x and P y , Eqs. (10a) and (10b), their sign changes. This already hints at the interaction between the Néel state and the polarizations.
A. Poling with hx and Ey
The inclusion of external fields into the problem will enlarge the zero field variational wave function given in Eqs. (16) to allow for the canting of the spins,
where the energy minimum is achieved by
providing the ground state energy in finite external fields,
Canting of the spins on site 'a' is proportional to the variational parameter η,
The symmetry in finite E y and H x is reduced to the Pm2 m magnetic space group with remaining elements {E, C
2 , σ xy , σ yz } taken from Table II . We note that exactly the same elements are missing for either a finite E y only, or a finite H x only, or when both E y and H x are finite. This is reflected in the variational solution as well, since
as anticipated from the form of the M x , Eq. (9a). Using Eq. II A the magnetoelectric susceptibility is
. (29) We found that the leading term of the magnetoelectric susceptibility is independent from the Λ x 2 −z 2 and Λ 2xz on-site anisotropies, while the term containing g xz is expected to be a minute correction. Solution for the other Néel AFM domain is given by the
wave functions, with
In this case the spin expectation values on site 'a' are
and the energy in finite fields is:
The polarizations and the susceptibilities change sign for the two AFM domains (α and β), i.e.:
To merge the solutions achieved for the ME susceptibility of the two AFM domains we may write:
where the ± sign holds for the α and β domains. As the sign of the denominator is expected to be positive, sign of the magnetoelectric susceptibility for the α and β is mutually determined by the sign of the material specific c 2xy constant. The ME susceptibility of the the α(β) domain can be positive (negative) for c 2xy > 0 and negative (positive) for c 2xy < 0. This means -as expected -that the two domains are interchangeable in the interpretations, although their ME response has opposite sign. At this point there is no way to determine the sign of the c 2xy parameter, therefore we may fix it positive for the sake of simplicity.
III. MULTIBOSON SPIN WAVE
Below we will use the multiboson spin-wave theory to analyze the excitation spectrum. Since the excited state is created by light, we only need to look at the Γ point in the Brillouin zone, keeping in mind that our unit cell contains 4 magnetic ions. Here we closely follow the calculation presented in Refs. [23] and [30] .
The starting point for the multiboson spin-wave theory is the product form of the ground state wave function, and the bosons are associated with the wave function on a site, which include the ground state and the local excitations. For example, for site 'a' and in the lowest order in the Λ on-site anisotropies, the wave functions
span a four dimensional Hilbert space, built up by wave functions localised to site 'a'. Here γ is defined in Eq. (18) while γ reads
Similarly, together with Eq. (36b), the first excited states on the four sites are
We keep only the bosons describing the four lowest energy excitations given by the wave functions shown in Eq. (38), and we use the following labeling :
The spin wave Hamiltonian can be separated into diagonal and off-diagonal parts:
For λ 2xz = 0 only the H diag exists and takes a blockdiagonal form:
where the Ω q1q2 are
and the Ξ q1q2 are
The off-diagonal part H offdiag is proportional to λ 2xz , and introduces interaction between the different modes of the diagonal Hamiltonian:,
A. Excitation energies 
In the absence of the λ x 2 −z 2 the spin wave energies are two-fold degenerate, with energies
A finite λ x 2 −z 2 value splits the degeneracy, and the energies are
For finite values of the λ 2xz , the problem described by the H offdiag , given by Eq. (45), becomes equivalent to a 4 × 4 generalized eigenvalue problem. In order to achieve an analytic solution, we consider the λ 2xz as a small parameter, and treat H offdiag perturbatively. It turns out that the main consequence of the finite λ 2xz is the mixing of the eigenvectors of the unperturbed solution, which will effect the transition matrix elements only. The eigenvalues are changing only as λ
B. The dynamical response
To address the strength of the absorption of the modes for different polarizations of the light, we need to calculate the imaginary part of the magnetic and electric susceptibilities. At zero temperature, the imaginary part of the magnetic susceptibility is given as
where the summation is over the f final states, with energy E f , and ν = x, y, z. A similar expression holds for Imχ ee νν , with the magnetization M ν replaced by the P ν polarization. Strength of the directional optical anisotropy depends on the imaginary part of the magnetoelectric susceptibility, which at zero temperature reads:
Therefore, to calculate the dynamical susceptibilities, we need to express the magnetizations given by Eqs. (9) with the bosonic operators. We get
while the M y has matrix elements with higher energy magnetic excitations, which are disregarded here. Out of the three polarization operators in Eqs. (10) , only the P y couples to the lowest energy magnons:
From the equations above, we can conclude that the |00 and |0π modes are purely magnetic modes, excited with the magnetic field only, and the |ππ and |π0 modes are magnetoelectric modes, excited by both the magnetic and electric component of the incident light. After a tedious calculation, the transition matrix elements for the M z in the purely magnetic |00 and |0π modes, with the energies given by Eqs. (48a) and (48c), respectively, are
and 0π|b † 00 + b 00 |GS = iλ 2xz
in the leading order in λ 2xz . The matrix elements in Eq. (49) are then
for the |00 and the |0π modes.
The |π0 and |ππ modes have both finite M x and P y transition matrix elements, so these modes show optical directional anisotropy. The matrix elements for the |ππ mode, with energy ω ππ , Eq. (48b), are
and for the |π0 mode, with energy ω π0 , Eq. (48d), are
Keeping the leading, physically relevant terms, we get the following magnetic and electric transition matrix elements
and for the other mode:
Using Eq. (50), strength of the transition matrix elements of the magnetoelectric susceptibility for the |ππ mode is:
while for the |π0 excitation:
To summarize, out of the four peaks, two (|00 and |0π ) are only magnetic dipole active with H ω z, while the other two (|π0 and |ππ , ME resonances) are both magnetic and electric dipole allowed with H ω x and E ω y. Schematic motion of the local spins (magnetizations) and local polarizations are illustrated in Fig. 6 viewed from the xz and xy planes. For small values of the single-ion anisotropies λ x 2 −y 2 and λ 2xz , the λ x 2 −y 2 enters into the energy of the modes, splitting the two fold-degenerate modes into four modes, while the λ 2xz controls the eigenfunctions and therefore the transition matrix elements in the magnetoelectric susceptibility, together with the c 2xy and c 2yz parameters in the expression for the P y (10b). The optical directional anisotropy of the two magnetic and electric dipole allowed modes are essentially independent from each other. Their relative strength, including the sign, is controlled primarily by the ratio of the c 2xy and c 2yz coefficients in the polarization operator P y , Eq. (10b). To better understand the role of these parameters we emphasize that the P ω oscillating polarization of the ME resonances is built up by the polarization of the yz layers. Phase of the P ω compared to the M ω sublattice magnetization is affected by the relative phase of the polarizations of these yz layers via the c 2xy /c 2yz ratio (see Fig. 6(c) ). 
: | ME and non-ME resonances of LiCoPO4 viewed from the xz and xy planes. a, For the sake of simplicity each resonances are illustrated on the α domain for c2xy > 0. Spins (green and olive arrows) of the ME (|π0 and |ππ ) and non-ME (|0π and |00 ) resonances precesses around canted ellipses in the xz plane. The oscillating M ω magnetization and P ω polarization of the unit cell are along the x and y axes, respectively, for the ME resonances, while the non-ME resonances have M ω along z. While the oscillating polarization (red and blue arrows and dots) of the non-ME resonances are totally canceled out within the xy layers, the ME resonances have finite P ω in the unit cell as a result of the uncompensated polarization of the xy layers. b, The remanent optical ME effect is exemplified on the |π0 ME resonance. The (+E poling configurations select the α and β domains, respectively. For the same phase of the oscillating magnetization P ω y of the α and β domains oscillate in anti-phase with respect to each other, which by means the optical directional anisotropy. c, Instead of circles, the spins precess around ellipses in the xz plane with rotated semi-major axes. Rotation of the semi-major axes depends on the Λ2xz parameter while the ellipticity is affected by each on-site anisotropy terms. During the precession of the spin there is an axis across the ellipsis, where P ω = 0. Direction of this line is determined by the ratio of the c2xy and c2yz coefficients. [meV]
IV. FITTING THE PARAMETERS
[meV]
| Fitting of the J exchange and Λ single-ion anisotropy parameters. The exchange couplings J ab , Jac, and J ad , and the anisotropy parameter Λ x 2 −z 2 are determined for fixed values of the Λ y 2 , assuming the #1 → ωπ0, #2 → ω0π, #3 → ωππ, and #4 → ω00 assignment. As the ∆S = 2 modes are absent from the observed spectral window below 2 THz, sets an upper limit for the Λ y 2 at around 0.5 Thz. The lower limit of 0.42 THz for Λ y 2 corresponds to a 3 THz limit for the energy of the ∆S = 2 modes. This region for the fitting parameters is highlighted by white. The fitting results are in good agreement with the results obtained by neutron scattering measurements 25 .
In the experiment we have identified four modes, which we labeled by numbers form 1 to 4. The peak #1 and #3 show dichroism, therefore they can be assigned to the modes |π0 and the |ππ in some order. Similarly, the remaining peaks #2 and #4 are only magnetically active, so they are assigned to |00 and |0π modes, again, we do not know which one is which. So from the experimental side, we have four input parameters -the energies of the peaks, and the selection rules restrict the possible number of mode assignments to four.
On the theory side, the four input parameter are the ω energies of the modes (see Eqs. 48), which depend on five parameters: the three exchange couplings J ab , J ac , and J ad , and the two single-ion anisotropies Λ y 2 and Λ x 2 −z 2 . The problem is underdetermined at this stage. We have chosen the following strategy to extract the model parameters: we determine the J ab , J ac , J ad , and Λ x 2 −z 2 by fitting the four experimental energies to ω's as a function of the Λ y 2 . This has been made for the four possible assignments of the peaks, and we compare them with the existing estimates coming from inelastic neutron scattering measurements 25 . We have found that the (ω π0 , ω 0π , ω ππ , ω 00 ) order for the peaks (#1, #2, #3, #4), with energies (1.13 THz, 1.33 THz, 1.36 THz, 1.43THz), is the closest one to the result obtained from the neutrons. The parameter fit as a function of the Λ y 2 is shown in Fig. 7 , and listed for some selected values in Table. III.
To get an estimate of the possible precision of the fitted parameters, we have assumed 10 GHz standard deviation on the experimental frequencies (corresponding to about 1% error). The parameters were fitted for 1000 random frequencies with normal distribution with the measured mean value and the assumed standard deviation, the result of this procedure is shown in Fig. 7 as error bars. Note that the mean values are different from the values calculated exactly at the measured frequencies, as the mean of a nonlinear transformation is not the transformed mean.
To narrow down the possible parameter values shown in Fig. 7 , we can use the experimentally observed positions of the ∆S = 2 transitions. These modes have so far been omitted from the theoretical discussion, however, we can easily include them. Up to now we only considered the first excited states, |Ψ 2,i (i = a, b, c, d), given by Eq. (36b) and Eqs. (38). These excitations corresponding to ∆S = 1 transitions. The next, ∆S = 2, set of excitations are described by the states |Ψ 3,i . |Ψ 3,a is given by Eq. (36c) and we can easily generate the other three wavefunctions corresponding to sublattice b, c and d:
|Ψ 3,c = |↑ y + √ 3γ |⇓ y (65b)
We introduce bosons that create these ∆S = 2 excitation with the following notation; c for different values of the Λ y 2 parameter, assuming the #1 → ωπ0, #2 → ω0π, #3 → ωππ, and #4 → ω00 assignment, the same as in Fig. 7 . All parameters are shown in THz unit.
The exchange parameters for the other assignments, shown in Figs. 8, are less likely as the signs of the exchange couplings are in contradiction with the corresponding parameters from the neutron study. The fourth assignment, not shown, gives values with even larger difference. a, Relationship between the fitting parameters for (#1, #2, #3, #4) → (ωππ, ω00, ωπ0, ω0π) assignment, and b, for (#1, #2, #3, #4) → (ωππ, ω0π, ωπ0, ω00) assignment of the observed magnetic resonances. In these cases, the fitted parameters show significant difference from the results of the neutron diffraction.
